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Abstract.   
Micromechanical models of porous ferroelectric ceramics have often assumed that the 
material is fully polarised in a particular direction and/or consists of a single isolated pore.  In 
this work the polarisation state in three-dimensional porous polycrystalline ferroelectric 
networks has been modelled to eradicate the oversimplification of these idealised unit cells.  
This work reveals that microstructural network models more closely represent a porous 
ferroelectric microstructure since they are able to take into account the complex polarisation 
distribution in the material due to the presence of high and low permittivity regions. The 
modelling approach enables the prediction of the distribution of poled and unpoled material 
within the structure. The hydrostatic figures of merits and permittivity were determined for a 
variety of porous lead zirconate titanate microstructures and found to be in good agreement 
with experimental data. The decrease in piezoelectric activity with porosity was observed to 
be associated with the complex polarisation state within the material.  Model results were 
shown to be much improved when compared to a model assuming a fully-polarised model. 
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1. Introduction 
 
The development of lead zirconate titanate (PZT) ferroelectric ceramics has seen the 
introduction and development of piezoelectric composite structures to optimise specific 
materials characteristics for sensor and actuator applications [1, 2]. The piezo-composite route 
is of interest since it is possible to tailor and optimise the mechanical stress and piezoelectric 
strain distribution within the material and to optimise the material performance for specific 
applications.  Porous piezoelectrics are one example of a piezoelectric composite structure 
which has been considered as sensor element for low frequency hydrostatic waves, such as 
SONAR [3, 4], due to the improved hydrostatic figures of merit. In addition, the introduction 
of porosity into a polycrystalline PZT also leads to improved acoustic matching between the 
porous piezoelectric and other low impedance media, such as biological tissue or water [5, 6].   
 
Porous piezoelectrics are of interest in SONAR applications since the presence of porosity 
decreases the transverse piezoelectric effect (-d31) relative to the longitudinal piezoelectric 
effect (d33), resulting in an increase of the hydrostatic strain coefficient (dh = d33 + 2d31). As a 
result of their high dh, porous piezoelectric materials generate a high electrical charge per unit 
hydrostatic force. The introduction of porosity into PZT also decreases the permittivity at 
constant stress (

), leading to an increase in gh (= dh/

), which is a measure of the electric 
field generated per unit hydrostatic stress. 
 
To investigate the relationships between material performance and the volume fraction of 
porosity in a ferroelectric ceramic a number of modelling approaches have been considered 
[7-16]. Such models have been developed in an attempt to optimise the porous structure for 
particular applications. Parameters often considered are pore volume fraction [7], aspect ratio 
[9], shape, distribution [15] and connectivity [16]. Models consisting of a simple single pore 
within a polycrystalline PZT matrix have enabled the prediction of the effects of the stiffness 
of a passive phase, such as a polymer, within the pore and its influence on the piezoelectric 
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coefficients [7-14].  For the determination of piezoelectric coefficients and material 
permittivity, a simple single pore model is effectively dependent on the serial and parallel 
connection formed with respect to a porous system of PZT and air. This oversimplified model 
geometry can lead to poor predictions compared to experimental data, since real porous 
materials consist of a microstructure of many pores with a randomly distributed porosity in 
which some pores are connected and some isolated.  With the advent of larger computational 
powers, more sophisticated models are achievable which can lead to the development of 
porous piezoelectric models [17, 18] which consist of a large number of randomly distributed 
pores within a polycrystalline PZT matrix.   
 
Many of the approaches developed to date have not taken into consideration the effects of the 
complex electric field (Ef) distribution within the porous and polycrystalline ferroelectric, 
such as PZT.  Ferroelectric materials are initially „poled‟ whereby a high electric field is 
applied to align the ferroelectric domains in a particular direction to make the material 
piezoelectric. The application of an electric field to „pole‟ the material is achieved by 
applying a potential difference between the upper and lower electrodes of the material at 
elevated temperature. For a dense material, with little or no porosity, the electric field is 
constant in both magnitude and direction throughout the material. However, for a porous PZT 
the presence of low permittivity porosity (relative permittivity, r=1) in a matrix of high 
permittivity PZT (r > 1000) leads to a significant variation in both the direction and 
magnitude of the electric field throughout the material microstructure.   As a result, the poling 
of a porous PZT can lead to the presence of unpoled areas and poled areas with different 
poling directions.   
 
This paper develops a large three-dimensional network of cells consisting of air and PZT in 
order to model a porous ferroelectric microstructure. The aim of the work is to provide a 
simple modelling methodology to understand the structure-property relationships in porous 
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piezoelectrics and predict transducer figures or merit. To account for variation of poling 
direction due the complex electric field distribution within the material the model initially 
examines the electric field within the porous structure to determine the distribution of 
polarisation directions within the composite and also identify any unpoled regions. After 
modelling the polarisation distribution within the porous PZT the relevant materials properties 
and hydrostatic figures of merit are then determined. The relevant figures of merit for 3-3 
piezoelectric composites will now be described in more detail. 
 
1.1. Hydrostatic Figures of Merit 
 
The characteristics of a piezoelectric sensor can be evaluated using the hydrostatic figure of 
merit (HFOM) which is the product of the hydrostatic charge coefficient (dh) and the 
piezoelectric voltage coefficient (gh) [19, 20]. In SONAR applications the hydrostatic charge 
coefficient is used to define the hydrostatic strain per unit electric field or charge per unit 
hydrostatic force, and is related to the material properties parallel and transverse to the 
polarisation electric field direction (both d31, d32 transversely and d33 parallel), as defined by 
Equation 1. 
 
Equation1 
 
 
The piezoelectric voltage coefficient (gh) is a figure of merit for a material for a hydrophone, 
and is defined as the electric field generated per unit hydrostatic pressure.  This is calculated 
by the dh and the constant stress permittivity (
T
33 ), as shown in Equation 2. 
 
 -11-
33
PaVm
T
h
h
d
g

     Equation 2 
 323133 ddddh 
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From the product of Equations 1 and 2, the hydrostatic figure of merit may be derived (dh.gh), 
and is used to asses the properties of a hydrophone device in both active and passive roles 
[20] 
 
2. Modelling methodology 
A variety of analytical and finite element approaches have been developed to evaluate porous 
piezoceramic composites [7-16] for a number of different connectivity patterns. The over-
simplification of models consisting of single pores or the assumption of a fully poled material 
can be overcome by the creation of a three-dimensional finite element analysis (FEA) model.  
The approach used in the modelling considers a large network of cells to represent a matrix of 
polycrystalline grains of PZT. Additional cells of air are present in the network to represent 
pores.  The size of the model employed, 27,000 cells (i.e. a 30
3
 mesh), provides reasonable 
reliability and computational economy.  Modification of the porosity volume fraction within 
the model was achieved with the ratio of assigned cells as either (i) PZT or (ii) air. Figure 1 
shows and example of such a PZT-air network.  Computational modelling was conducted 
with the finite element package ANSYS 11.0 using a coupled 8-node element (SOLID5), 
capable of modelling the linear piezoelectric effect.  Once the 30x30x30 network of cells was 
constructed, two electrodes were generated by coupling the voltage degrees of freedom on the 
upper and lower faces of the network model. 
 
2.1 Poling PZT cells 
Figure 2 shows a flow diagram of the modelling process. Initially all the PZT cells were 
considered to be unpoled, as in Figure 1a, and assigned the properties of unpoled PZT. An 
electric field was applied to the network by applying a potential difference between the upper 
and lower electrodes to „pole‟ the material and the electric field in each of the cells examined.  
If the local electric field within a PZT cell (Ef) was less than the coercive field (Ec) the cell 
was considered to remain unpoled. If Ef exceeded Ec in a PZT cell it was considered to be 
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poled (Figure 1b). The magnitude of the coercive field is shown in Table 1. For poled cells, 
the polarisation direction also needs to be assigned. Shindo et al. [23] have assigned the poled 
properties to individual cells by rotating the piezoelectric, elastic and dielectric tensors to the 
new polarisation direction. We utilised a simple method that involved reading the electric 
field direction in x, y and z in each cell. If Ef > Ec, then the direction of the maximum field 
direction determined whether to poled cell was assigned the poled PZT properties (stiffness, 
piezoelectric and dielectric) in one of six potential polarisation directions; namely x, -x, y, -y, 
z and -z. This can be considered analogous to the six polarisation directions in the tetragonal 
unit cell of a ferroelectric, such as PZT [24]. Once the poled properties (and orientation) were 
applied to the model the piezoelectric properties of the poled porous ferroelectric could then 
be predicted for the network of cells for a given PZT-pore volume fraction. Domain switching 
can also be influenced by mechanical stress, which has not been considered in this case. 
2.2 Determination of figures of merit 
After poling the model network, the next stage was to determine the relevant material 
properties and figures of merit of the PZT-air network. To determine the piezoelectric strain 
coefficients (dij), a potential difference (V) was again applied to the model using the upper 
and lower electrodes, resulting in a strain of the network as a consequence of the piezoelectric 
effect in the poled PZT cells.  From the resulting displacement of the network in the x, y, and 
z directions, the strain per unit electric field, and the d33, d31 and d32 coefficients were 
determined.  The dh parameter was then determined from Equation 1.  By determining the 
charge (Q) developed at the model electrodes under the applied potential (V) and knowing the 
electrode separation (t) and area (A), the effective permittivity at constant stress 
T
33  was 
established via Equation 3, based on the simple Q = CV relationship between charge, 
capacitance (C) and voltage.  
Hence:- 
 
t
VA
Q
T
r .. 33  Equation 3 
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The gh figure of merit was calculated from Equation 2, since dh and permittivity was known. 
The hydrostatic figure of merit was finally determined from the product dh.gh. 
 
2.2 Materials properties 
Table 1 and 2 show the material properties used to model the porous PZT. The properties of 
air (r=1 and zero stiffness) were applied to the porosity component of the model.  A 
commercial „soft‟ piezoelectric material, PZT-5H, was chosen for this investigation for the 
poled PZT cells since as it is a „soft‟ material typically it is used for hydrostatic sensors due to 
its high d33 coefficient. Poled PZT is anisotropic and for coupled field modelling of the 
piezoelectric effect, the relevant properties are the stiffness matrix [cij], piezoelectric matrix 
[eij] and permittivity at a constant strain [kij
s
]. For the six different polarisation directions the 
material matrices were transposed so that the 3-direction (or z-direction) in the matrix in 
Table 1 represented the polarisation direction (x, -x, y, -y, z or -z). The unpoled material is 
isotropic in terms of elastic properties and the piezoelectric coefficients, eij, are simply zero. 
The elastic properties and of the unpoled regions were determined using an equation 
developed by Dent [25].  
 
It was expected that some differences would be observed between individual models at a 
specific pore volume fraction due to the differences in the random distribution of pores within 
the network. This may be particularly important for low volume fractions of PZT where the 
PZT cells become mechanically isolated in the network (i.e. surrounded by air cells). 
Similarly, at low porosity volume fractions the PZT is highly interconnected in the through-
thickness direction and can be highly poled. To examine this potential variation, 50 models 
were developed and tested for each PZT volume fraction. 
 
3. Results 
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The FEA modelling carried out in this work has enabled the determination of the piezoelectric 
coefficients, hydrostatic figures of merit and permittivity of the PZT-air biphasic composite as 
a function of PZT volume fraction. The influence of the complex electric field distribution 
during the poling process could also be examined. Figure 3 shows the predicted d33 and d31 as 
a function of PZT volume fraction. The modelling results based on the approach used in 
Figures 1 and 2 is termed „Poling model‟ and is compared to experimental data taken from the 
literature [26, 27]. For a heterogeneous mixture there will be a higher intensity electric field in 
the low permittivity phase [28,29], and this will be particularly true in the case of a PZT-air 
system where the dielectric contrast (PZT/air) is in excess of 1500. Figure 4 shows the electric 
field magnitude in the through-thickness directions for models with 80%PZT, 50%PZT and 
20%PZT. It can be seen that the air cells of lower permittivity experience a higher electric 
field that the high permittivity PZT cells and the electric field in the PZT begins to decrease 
as the PZT volume fraction decreases. To prevent dielectric breakdown within pores/defects 
due to the high electric field, piezoelectric composites are often polarised via „corona‟ poling 
whereby an electric charge from a corona point is sprayed onto the sample surface creating an 
electric field between the sample faces. The advantage of corona poling is that a potential 
difference can be applied across the sample, but the absence of a conducting electrode 
prevents short-circuiting at such weak spots [26, 30]. 
To observe the influence of the polarisation process on the model output an additional set of 
modelling data is also shown in Figure 3 labelled „Fully-poled model‟; these results relate to 
the model where the PZT cells are considered to be fully poled in the same direction, an 
assumption in many models. It can be seen that without the poling process the d33 coefficient 
for „Fully-poled model‟ is almost constant as the PZT volume fraction decreases from 1 to 
0.15 and there is poor agreement with experimental data.  This type of model over-predicts 
the magnitude of the d33 value compared to experimental data and many models of this type 
[7, 8, 9, 27] predict a constant d33 with PZT volume fraction. A constant d33 can be understood 
by considering a force applied to the porous piezoelectric. Since the PZT is significantly 
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stiffer than air, all of the force is concentrated into the PZT matrix irrespective of the PZT 
volume fraction; as a result the d33 coefficient is predicted to be independent of porosity level.    
 
At a PZT volume fraction of ~0.15 the d33 of „Fully poled model‟ falls as the PZT cells 
become mechanically isolated in the PZT-air network structure. For the „Poling model‟ the d33 
falls gradually as porosity is introduced into the PZT phase with much improved agreement 
with experimental data. A comparison of the results of the „Poling model‟ and „Fully-poled 
model‟ clearly show that the gradual decrease in d33 is due to a greater fraction of unpoled 
material or material poled in different orientations. The increase in the number of unpoled 
cells can be attributed to the poorer connectivity of the PZT cells and the concentration of 
electric field in the low permittivity air cells (Figure 4). 
 
The model outputs of the transverse piezoelectric coefficient, -d31, as a function of PZT 
volume fraction are also shown in Figure 3. In the range of PZT volume fractions from 0.30 
to 0.95, the predicted modelled results are higher in magnitude than those of the experimental 
findings.  The –d31 values of the „Poling model‟ are again lower in magnitude than „Fully-
poled model‟ as a result of the reduced degree of polarisation in the material, and are closer to 
the experimental data. 
 
The high d33 and small –d31 values for the porous PZT lead to high dh coefficients. Figure 5 
shows experimental data and modelling data for only the „Poling model‟ for simplicity. Since 
the FEA model predicts larger –d31 than the experimental data (Figure 3) the dh values of the 
model are smaller than the experimental data. Nevertheless, the general pattern of the dh rising 
as porosity is introduced into the PZT structure is observed in both the model and 
experimental results. At a PZT volume fraction 0.4 - 0.5 the dh is at a maximum since the d33 
value is still relatively large, while the –d31 value has fallen considerably in magnitude (see 
Figure 3). At very low PZT volume fractions (<0.3) the value of dh begins to fall as both d33 
and -d31 are small. 
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Figure 6 shows the variation in relative permittivity at constant stress (T33) for both models as 
a function of PZT volume fraction, which are again compared with experimental data. The 
dense material, (PZT volume fraction =1), has a high permittivity which begins to falls as 
porosity is introduced into the structure. The models predict a slightly higher permittivity 
compared to the experimental data. At a constant stress condition, the permittivity of poled 
PZT in greater than unpoled PZT, therefore the „Fully-poled model‟ has a higher permittivity 
than the „Poling model‟ and the agreement with experimental data is poorer. The fact that the 
model over-estimates both the permittivity at constant stress and piezoelectric coefficient such 
as d31 indicates there may be more unpoled regions or regions poled in different directions in 
the real material compared to the models. This could be adjusted by the choice of coercive 
field or by increasing the number of potential polarisation directions. 
 
Figure 7 and 8 show the variation of gh and dh.gh as a function of PZT volume fraction 
respectively. The increase in dh (Figure 5) and the decrease in permittivity (Figure 6) leads to 
an increase in gh as the PZT volume fraction is reduced from unity (dense PZT) to ~0.2 
(highly porous).  At very low PZT volume fractions (<0.2) the d33 (Figure 3) and dh (Figure 5) 
then begin to fall to small values, leading to a decrease in gh. The dh.gh follows a similar 
pattern with and increase in the figure of merit relative to the dense material, which a 
maximum figure of merit at ~0.2-0.3 PZT volume fraction. At a PZT volume fraction below 
0.2, the dh.gh decreases as the piezoelectric activity and d33 coefficients begin to fall. Good 
agreement between experimental predictions and the model is observed. At a PZT volume 
between 0.1 and 0.4, a significant variation between the individual models at the same PZT 
volume fraction is observed in gh and dh.gh. This is thought to be due to PZT cells becoming 
isolated and dis-connected at such low PZT volume fractions. 
 
4. Conclusions 
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The paper has described the development of a three-dimensional network consisting of a 
piezoelectric phase and air, to model the structure-property relationships of porous 
piezoelectric composites. The model includes the initial prediction of the electric field 
distribution in the PZT-air structure to replicate the poling process and to determine the 
distribution of unpoled and poled regions within the material. Comparison of the model 
outputs with a model that assumes a fully polarised PZT material allows the conclusion that 
the gradual decrease in the d33 coefficient as porosity is introduced into the PZT matrix is 
primarily due to an increase in the volume fraction of unpoled regions (or regions poled in 
different orientations), rather than being due to a redistribution of electro-mechanical stress or 
strain within the structure. The evaluation of the electric field distribution and poling process 
enabled good agreement with experimental data which was much improved compared to a 
model which assumes a fully polarised model. The approach described is relatively simple 
and can be used to predict the piezoelectric properties of any composite structure with 
contrasting permittivity and/or complex electric field distributions. The micro-structural 
model could be improved by additional polarisation directions, rotation of the appropriate 
piezoelectric tensors [23], the potential influence of mechanical stress on domain switching 
and anisotropic pore shapes. 
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Tables. 
 
 
 
 
Table 1.  Anisotropic material data required for modelling of materials with ANSYS 11.0. 
Data for PZT-5H obtained from [21], and Ec at 100°C [22]. 
EC11  
(GPa) 
EC12  
(GPa) 
EC13  
(GPa) 
EC33  
(GPa) 
EC44  
(GPa) 
31e  
(C/m
2
) 
33e  
(C/m
2
) 
15e  
(C/m
2
) 0
11

 s
 
0
33

 s
 
Ec 
(kV/cm) 
126 79.5 84.1 117 23.0 -6.55 23.3 17.0 1700 1470 4 
 
 
 
Table 2.  Isotropic material data required for modelling of materials with ANSYS 11.0. 
Data for un-poled PZT-5H obtained from [25] 
Material Density (kg m
-3
) 
Relative 
Permittivity 
Young‟s 
Modulus 
(GPa) 
Poisson 
Ratio 
Un-poled PZT-5H 7500 1585 65 0.37 
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Figure Captions. 
 
 
Figure 1. (a) initial 27,000 (30
3
) cells with a distribution of PZT and air before poling (blue 
regions represent unpoled PZT cells, empty regions are pores) (b) cells after „poling‟ showing 
red poled cells. 
 
Figure 2. Flow chart showing the approach used to model porous piezoceramic structures, 
taking into account the initial un-poled state and simple polarisation of the material. 
 
Figure 3.  FEA predicted d33 and d31 piezoelectric coefficients compared to experimental 
results . Experimental data from [26, 27]. 
 
Figure 4. Electric field magnitude in through-thickness direction (z) for PZT and air cells at 
different PZT volume fractions (a) 80% PZT, (b) 50% PZT and (c) 20%PZT. Corecive field is 
0.4kV/mm and applied field based on voltage/thickness is 0.5kV/mm. 
 
Figure 5.  FEA modelling of the variation of the hydrostatic charge coefficient (dh) with PZT 
volume fraction with dh largest at 40% PZT density. Experimental data from [26, 27]. 
 
Figure 6. Variation of relative permittivity at constant stress (T33) as a function of PZT 
volume fraction. Experimental data from [26, 27]. 
 
Figure 7. Variation of gh as a function of PZT volume fraction. Experimental data from [26, 
27]. 
 
Figure 8. Variation of dh.gh as a function of PZT volume fraction. Experimental data from 
[26,27]. 
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Figure 3.  FEA predicted d33 and d31 piezoelectric coefficients compared to experimental 
results . Experimental data from [25,26]. 
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Figure 4. Electric field magnitude in through-thickness direction (z) for PZT and air cells at 
different PZT volume fractions (a) 80% PZT, (b) 50% PZT and (c) 20%PZT. Corecive field is 
0.4kV/mm and applied field based on voltage/thickness is 0.5kV/mm.
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Figure 5.  FEA modelling of the variation of the hydrostatic charge coefficient (dh) with PZT 
volume fraction with dh largest at 40% PZT density. Experimental data from [25,26]. 
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Figure 6. Variation of relative permittivity at constant stress (T33) as a function of PZT 
volume fraction. Experimental data from [25,26]. 
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Figure 7. Variation of gh as a function of PZT volume fraction. Experimental data from [25, 
26]. 
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Figure 8. Variation of dh.gh as a function of PZT volume fraction. Experimental data from 
